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FOREWORD

This work was conducted at the Belvoir Fuels and Lubricants Research Facility
(SwRI), San Antonio, TX under Contract Nos. DAAK70-82-C-0001, DAAK70-85-C-
0007 and DAAK70-87-C-0043 during the period July 1982 through December 1987.
The work was funded by the U.S. Army Belvoir Research, Development and
Engineering Center, Ft. Belvoir, VA, with Mr. F.W. Schaekel (STRBE-VF), as the
Contracting Officer's Representative and Mr. T.C. Bowen (STRBE-VF) as the

project technical monitor.
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I. INTRODUCTION AND BACKGROUND

b A. Introduction

Under cold ambient conditions, lubricants will increase in viscosity to the point that they
will not flow into the oil pump, or flow through the oil galleries. This form of oil

starvation is especially critical to engines that require prompt and copious lubrication to

the turbocharger. Heavy-duty diesel engines used primarily in commercial transport
fleets generally do not experience low-temperature lubricant pumpability problems,
These decreased problems are because of (1) less frequent cold starts, as equipment is

often idled instead of shut down during cold-ambient periods and (2) use of supplementa-

ry electric engine block heaters in cold-weather locations. Diesel engine low- ‘:f:;_",'..:

temperaturc pumpability is of concern to the U.S. Army because the combat-tactical ;_:-.:; )

fleet, which is powered primarily by diesel engines, must be ready to operate ;\:?i

immediately at a wide variety of ambient temperatures throughout the worid. ,._,.,
)-f'::'ﬁ

In a continuing effort to improve low-temperature operability, multiviscosity MIL-L- :;:.i

2104D diesel engine oils (15W-40) were introduced into the military supply system in t::';

early 1984.(1)* A need existed to better define the low-temperature use limits for ;_-_‘,:‘

multiviscosity and single-grade oils and apply these limits in the various lubrication "“:&‘:\E‘:

orders for equipment. : \f'\
Y

B.  Background o

The vast majority of all previous work involving low-temperature oil pumpability was

conducted in spark-ignition engines. In 1948, Appledoorn identified engine oil

pumpability problems in winter with oiis having high wax content and/or high viscosity at

09F (-18°C).(2) Meyer conducted cranking determ‘nations of military gasoline and diesel

engines at arctic temperatures using oil that conformed to MIL-O-10295.(3) Moyer

investigated oil pumpability of single and multigrade oils using an engine oil pump

mounted in a pan.(4) Selby determined the viscosity/shear characteristics of reblends of

the test oils from Moyer's work.(5) In 1967, the cold-cranking simulator was adopted to

define low-temperature viscosity limits, and the extrapolated viscosity at 0°F (-18°C)

was incorporated into the Society of Automotive Engineer's SAE Crankcase Oil Viscosity

*Underscored numbers in parentheses refer to the list of references at the end of this :N_":

report. PG

O NN
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Classification System (SAE J300a).(6-8) The cold-cranking simulator is intended to
correlate with engine cranking, which is a high shear rate process; however, oil flow,

which is a low shear rate process, was not addressed by a bench test at this time.

In the early 1970', interest in oil pumpability accelerated due to increased gasoline
engine warranty claims that were believed to be related to low-temperature oil
properties. The SAE requested that American Society for Testing and Materials (ASTM)
develop an oil pumpability bench test. This task was investigated by ASTM D2 RDD VII-
C, Engine Oil Pumpability Task Force. The technical literature ot the 1970's abounds
with papers concerning the investigation and definition of low-temperature oil
pumpability.(9-18) Studies were conducted in gasoline engines, viscometers, and bench-

scale pumpability equipment.

In 1975, ASTM published the results of an extensive gasoline-engine based oil pumpability
study.(19) Two oil pumpability failure modes were observed. Air binding occurred when
the oil had sufficient gelation structure to prevent adequate oil flow to the oil pump.
Air entering the oil pump caused both intermittent and continuous oil-pressure loss. Air
binding was characteristic of relatively short, large diameter oil pickup tubes. The other
pumpability failure mode was the flow-limited condition in which the oil was too viscous
for un adequate flow rate. Oil pickup tubes with a relatively long length and small

diameter were most sensitive to flow-limited failures.(19,20)

At this point, research was directed towards developing a laboratory bench test that
would respond to both air-binding and flow-limited oils. Several techniques were
evaluated by the ASTM Test Method Task Force. A low shear rate apparatus, the mini-
rotary viscometer (MRV), was selected as the test method that best related to the engine
performance data (21) and was approved as ASTM Method D 3829.(22) The MRV
requirements for winter-grade cngine oils were incorporated into SAE Viscosity
Classification Systemn J-300 SEP80.(23) ASTM D 3829 (MRV) defines maximum values
for yield stress (<105 Pa) and apparent viscosity (30 Pa-S). The yield stress is related to
the air-binding tendency of the oil and is defined as the minimum stress required for oil
flow, which is a measure of the gelation strength of the oil. The apparent viscosity limit

is related to the flow-limited type of pumpability failure.

Despite the newly adopted low-temperature viscosity specification J-300 SEPS0, severe

engine oil pumpability failures occurred in spark-ignition engines during the winters of
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3
1980 through 1983.(24-31) The oil pumpability related engine failures precipitated a new é:.
round of research to determine why the MRV test method was inadequate.(24-31) The 3—_‘;;:
- sensitivity of some oils to cool-down rate was found to be the reason for the failure of »':!‘
the MRV test to identify oils with poor low-temperature performance.(24-26,31) t','; 0:
In 1987, MacAlpine and May reported that basestock pour points or residual wax contents 5
alone do not predict low-shear viscometric properties of formulated engine oils under h
slow-cool conditions. The wax composition was reported to be a key factor with both ::":.-.'
normal and non-normal paraffins contributing to low-temperature viscosity increases.(32) ;:E (
The Stable Pour Point Test, Cycle C (FTM 791b, Method 203) was found to identify e
many, but not all, of the low-temperature problem oils.(31) The Stable Pour Point was t%
included in the SAE Viscosity Classification System with requirements for 10W and 5W ;::::
graded oils (SAE J300APR84).(31) Additional work is continuing on revising and defining -\.:
cooling cycles for the MRV apparatus. ‘:-':‘
3
II. OBJECTIVE/APPROACH é:‘j.
. The objective of this program was to define the minimum temperatures at which
multiviscosity and straight-grade lubricants procured under military engine oil specifica- 7...? ‘
tions may be used in U.S. Army diesel engines and still provide adequate low- ;;‘:. !
temperature lubrication. The approach was to determine the low-temperature oil :_;:
pumpability characteristics of several U.S. Army engines using a variety of engine oils. by
This determination was accomplished by placing the subject engine in a cold box, A
charging it with test oil, and then cooling at prescribed conditions to the test f_‘:.."ﬂ'
temperature. The engine was then cranked at idle speed (without firing), and the time to ﬁ'\% f
a constant oil pressure was determined. An underlying assumption was that in the field, :_::' '
an Army engine will be started and idled by a slave engine and/or starting aids. The ?g‘:_
program was designed to ensure that the idling engine will be properly lubricated at low \': A
temperatures. 2:2:
e
1. EQUIPMENT/PROCEDURE %
2
A. Test Engines o
R
Representative two- and four-cycle diesel engines were selected from the U.S. Army ‘.
fleet for this work. The diesel engines investigated were: :{:_:: ,
U

A A A N e S
SRR
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v
e o
K o~
W ) Teledyne-Continental Motors LDT-465-1C ;i
4 e GMe.2L Y
iR ’ r
o Cummins VTA-903-T .
' e  DDC 6V-53T o

e

:: Of the various LD-465 configurations available, the engine with the longest pickup tube ' w
' was selected. Additional descriptions of each engine are presented in later sections.
3 5
) omt
' L. o
\ B. Test Cell Description 0
B e
» ;a'_-
§ A refrigerated box was used to cool the test engines to the desired test temperatures. ®
L . v,
K The box was able to attain test temperatures as low as -40°F (-40°C) and maintain them eyt
-
120F, The refrigeration equipment was controlled using a Honeywell UDC-500 controller %‘"
and a Honeywell DPC-7700 set point programmer. This equipment allowed specification Qo

"
- -
Jo?

of cooling rates as described later.

Y
‘,lz
-
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-
2

n Initially a 50-horsepower motoring dynamometer was used to motor the test engines at
! the desired speeds. This system proved to be difficult to use since the torque available

at low speeds (800 to 1000 rpm) was very limited. As a result of this problem, anc a

ok B>

i fuel-dribble problem, discussed later, the pistons and connecting rods were removed fro.a .
N the first test engine (the Continental LDT-465-1C). This action lowered the motorin,; : '::
: friction and made the use of the motoring dynamometer possible. Eventually, this Al
approach was questioned since the connecting-rod lubrication system was eliminated %
- with this approach. The pistons and connecting rods were reinstalled and an engine- ?:_,.
: powered motoring system was used. This design consisted of a driving engine, a clutch, a “'?
) 12-speed truck transmission, and a driveshaft through the cold-box wall connecting the :'_)
; transmission to the flywheel of the test engine {Fig. 1). The clutch on the transmission [ 3
o was actuated with an air cylinder such that air pressure was required to disengage the :\"‘ ‘
: clutch. A needle valve was used to control the air bleed rate from the cylinder and thus :: j
control the engagement rate of the clutch. Cranking speeds of 150 to 1000 rpm were :‘-‘:
3 possible using this cranking apparatus. Speeds lower than 150 rpm caused excessive _.QR
’: torsional vibrations in the driveshaft and were avoided. 't‘\'
: 3
f The fuel system of the first engine tested (the Continental LDT-465-1C) was plumbed to !::,_
" circulate fuel through the injection system for lubrication. However, dribble from the e
::3
N )
4 \\
> s
¢ ""~
e S i




Figure 1. Cummins engine used to crank LDT-465-1C engine

injectors (even in the no-rack position) caused exhaust fumes to fill the refrigerated box.
As a result, each of the fuel systems in the test engines was disabled in order to prevent
exhaust fumes from being present in the box. Appendix A contains details of the

measures taken to disable the fuel systems.

The normal engine-mounted water pump was used to circulate a 50/50 volumetric blend
of antifreeze and water in the cooling passages of the engine. A 1000-watt immersion
heater was plumbed in the cooling line to facilitate warmup of the engine for purposes ot
oil flush, Circulation ran from the engine to the water pump to the heater and back to

the engine., Four 250-watt infrared heating lamps were placed under the oil sumps of the
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engines. These lamps provided rapid heat up of the oil sump without disturbing the ity
. . . . . °
internal oil-pan geometry with heating coils. EAONEN
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C. Instrumentation

A Honeywell UDC-500 controller was used to control the temperature in the cold box.
The controller received its set point from a Honeywell DCP-7700 set point programmer,
which allowed controlled cool-down curves with respect to time. Since initial tests with
the cold box revealed a tendency to freeze the evaporator coils on humid days, a defrost
cycle was added to eliminate the icing. The defrost was set to initiate at midnight and
last for 30 minutes. This defrost cycle effectively eliminated the icing problem but only
introduced a slight perturbation into the cool-down cycle. Since the oil sump had
significant thermal mass, the perturbation in the cool-down cycle had minimal impact on

the bulk oil temperature.

Each engine was instrumented for oil-sump temperature, oil-suction pressure (in the oil

pickup tube), oil-gallery pressure, turbocharger oil pressure (where applicable), engine

speed, and in some cases, rocker-arm oiling indication/pressure. The air temperature in

the cold box was also measured.

Rocker arm oiling was measured in one of two ways. In the case of the Cummins VTA-
903T and DDC 6V-53T engines, a 15-psig pressure transducer was plumbed directly to the
rocker shaft. This configuration was possible since both engines use a pressurized rocker
shaft. In the case of the GM 6.2L engine, however, a pressurized push rod lubricates the
rocker arm by drip feed. In order to obtain an indication of rocker arm oiling, a vacuum
system was used to indicate the presence of oil in the rocker arm. Fig. 2 shows the
rocker arm oiling indication system for the 6.2L engine. A detailed description of the

test set up and installation is given in Appendix A.

D. Test Lubricants

A wide variety of diesel engine lubricants was evaluated during this program. The oils

included special oils blended to a given viscosity, qualified products from MIL-L-2104D TR
qualified products list, and commercially available oils. A variety of viscosity index E__:":
improver (VIl) additives were represented in the test oil matrix. Oils that exhibit '}1::\':::_
cooling-cycle sensitivity (problem oils) were not included in the matrix. Since MIL-L- 5"\'.:
2104D oil specification includes a stable pour point requirement, it was felt that most hd ’
problem oils would be eliminated from the military supply system. Also, future low- oy .E
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Figure 2. Rocker arm oiling indicating system, GM 6.2L engine

temperature specifications will include cooling cycles and procedures to identify and
eliminate "problem oils." Each drum of test lubricant was stored in an electrically
heated water bath for at least 24 hours prior to testing and for the duration of testing.
The temperature of the lubricant was maintained at 180°F (82°C) in order to provide all
test lubricants with uniform temperature histories and destroy any previous temperature

history.

The properties of the 15W-40 oils used in this program are presented in TABLE 1. Oil
No. | isa MIL-L-2104D qualified product that was recently used in a field validation test
(FVT) of 15W-40 oils at Ft. Bliss, TX.(33) Oil No. 2 is the MIL-L-2104D, 15W-40 grade

Fosty

Army reference oil and was used in the recent 15W-40 FVT at Ft. Knox, KY.(33) Oil ::::"

"W )

Nos. | and 2 contain different olefin-copolymer VII systems. Oil Nos. 3 through 8§ are -_:._\;.:

special blends supplied by Rohm and Haas Company. Included are two of each oil based f:\

on olefin copolymer (OCP), polymethacrylate (PMA) and styrene-isoprene (SI) VI A
>

improvers, with each polymer-type oil formulated to the upper limit of SAE 15W in one ::Sik

Y

case, and to the lower iimit of SAE 15W in the second case. The oils supplied by Rohm -:'.S:,".

AL ST,

and Haas are "well-behaved", that is, they have no major soak-time sensitivity. "::-:k )
Compositions of the PMA and OCP special-blend oils are presented in TABLE 2. The oils g

were formulated with a detergent-inhibitor package to APl SF/CD performance levels. -:: \'
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TABLE 2. Compositions of Special Oil Blends
SF/CD Performance Level

Oil No. 3 Oil No. & Qil No. 7 Qil No. 8

Low I5W High 15W Low 15W High 15W
Oil Composition, wt% (OCP-L) (OCP-H) (PMA-L) (PMA-H)
Dispersant PMA VII 0 0 7.5 5.7
Nondispersant OCP VII 12.2 9.0 0 0
Ashless Dispersant 2.5 2.5 0 0
Detergent-Inhibitor

Package 9.1 9.1 9.1 9.1

Basestock 10 35.8 0 25.6 0
Basestock 20 40.4 70.0 57.8 63.0
Basestock 35 0 9.4 0 22,2

Because the OCP VII was a nondispersant type, ashless dispersant was included in the
formulation of oil Nos. 3 and 4. Oil No. 9 is a commercially available 15W-40 product
that is branded and sold by a major diesel engine manufacturer. Qil No. 10 is a well-

regarded commercial oil (CD) from a major petroleum company.

The properties of the other (non-15W-40) oils investigated during this program are
presented in TABLE 3. Oil No. 11 is a qualified MIL-L-2104D grade 30 product of 76 VI
that is near the specification minimum limit. Considering low-temperature viscosity
properties, oil No. 11 is actually a 25W-30 grade. Oil No. 12 is the MIL-L-2104D grade
30 (actually 20W-30) reference oil, and oil No. 13 is the grade 10W MIL-L-2104D

reference oil.

Oil No. 14 is a 10W-30 special blend oil supplied by Rohm and Haas that contains an OCP
VII and is similar in composition to {5W-40 oils No. 3 and 4. This 10W-30 is blended to
the lower limit of SAE 10W. Oil Nos. 15 through |7 are commercially available products
that contain synthetic basestock material. Oil No. 16 is a qualified MIL-L-46152 grade
5W-30 oil that contains polyalphaolefin basestocks. Qil No. 17 is a recent revision of oil
No. 15 and has been qualified under MIL-L-2104D as a 15W-40 product. The basestocks

of oil Nos. 15 and 16 are blends of polyol ester and polyalphaolefin materials.
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E. Test Procedure

The test procedure used for the lubricant pumpability determinations is described in

Appendix B.

The timetable shown in the procedure was intended to provide each run with the same
amount of cold-soak time, while still allowing adequate time to change lubricant and
prepare for the next day's run. In some instances, the ccld soak was extended over a
weekend to investigate the effect of longer cold-soak periods. Normal cold-soak time

was 20 hours total, with over-the-weekend tests consisting of 68-hour cold-soak periods.

Initially, in the LDT-465-1C engine, a fast-cooling cycle (82CP) was used. The oil was
«ooied quickly (approximately 2 hours) to the test temperature and held at test
temperature approximately 18 hours until the pumpability test was started. This
procedure was changed as information on the critical nature of oil cooling rate on
pumpability of some engine oils became available in the literature. The new slower oil
cooling procedure (84CP) used was essentially the "Sioux Falls" cycle (SFC) that included
a programmed stepwise cooldown.(25) In the 84CP cooling procedure, the oil was cooled
as fast as possible to a point 14°F above the desired pumpability test temperature and
held there for 8 hours. During the next 8 hours, the temperature was slowly reduced
149F to the desired test temperature and then held there 1.5 hours prior to attempting to
pump the oil. During the 8-hour slow cooldown, the temperature is reduced |9F over 2
hours, 2°F over the next 2 hours, 4°F over the next 2 hours, and 7°F over the last 2

hours. A schematic of the staged programmed cooling cycle is presented in Fig. 3.

F. Typical Oil Pressure Traces

When engine oil is pumped at low temperature in an engine, the amount of engine oil
flowing is indicated by the oil pressure. Typical oil pressure traces are presented in
Fig. 4.(19) A satisfactory condition is defined as adequate oil pressure within some
minimum amount of time. Unsatisfactory oil pumping performance can be classified in

the following four categories:

® flow limited

] typical borderline
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. air binding

° no pump

In the flow-limited condition, adequate oil pressure develops; however, it does not occur
within the minimum time due to inadequate oil flow. Typical borderline pump condition
is characterized by initial adequate oil pressure, followed by inadequate pressure as the
pump cannot move enough of the viscous oil and then recover to acceptable pressure as
the system warms and oil viscosity reduces. A specialized type of borderline pumping is
the air-binding condition, where the oil gel structure does not allow sufficient oil to flow
to the oil pump pickup. As the oil is pumped away without total resupply, the oil pump
intermittently sucks air that appears as sharp spikes on the oil pressure trace. The "no
pump" condition occurs when the oil is too thick to be pumped at all. All of these
conditions were observed within the matrix of oils and Army engines investigated during

this program,

IV. RESULTS

A. LDT-465-1C Engine

The first engine to be investigated for low-temperature oil pumpability was the
Continental LDT-465-1C used to power many of the U.S. Army tactical 2.5- and 5-ton
trucks. The initial tests were run without engine pistons installed to reduce the
breakaway torque requirements. Later tests were run with the pistons installed when a
better cranking system was installed. A description of the LDT-465-1C engine is
presented in TABLE 4. A photograph of the test engine installed in the cold box is
Fig. 5. A schematic of the LDT-465-1C engine lubrication system is presented in Fig. 6,
along with locations of the pressure pickup instrumentation. Turbocharger oil pressure
was obtained from tie oil feed line to the turbocharger; engine oil pressure was obtained
from the main oil gallery at the rear of the engine; and oil pump inlet pressure was
obtained from the midpoint of the oil pickup tube that runs between the front and rear

sections of the oil pan,

Borderline pumping conditions for this engine at 600 rpm idle were defined as a

minimum oil pressure of 40 psi at 1.0 minute and thereafter. The oil pressure limit was
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TABLE 4. Engine Specifications for the Continental
LDT-465-1C Engine

Model: LDT-465-1C

Engine Type: Four-Cycle, Compression Ignition, M.A.N., Combustion System,
Turbocharged

Cylinders: 6 Inline

Displacement: 7.83 L (478 cubic inches)

Bore: 11,58 cm (4.65 inches)

Stroke: 12.37 cm (4.87 inches)

Compression Ratio: 22:1

Fuel Injection: Bosch Rotary Distributor w/Density Compensation

Rated Power: 145-156 kW (194-209 BHP) at 2800 rpm

Ratad Torque: 597 NM (429 1b-ft) at 2000 rpm

Idle Speed: 600 rpm (motoring speed for pumpability tests)

selected based on the minimum oil pressure at idle listed in the Army training manual
for the LDT-465-1C engine.(34) Gallery and turbocharger oil pressure were developed
at the same time in this engine; thus, all borderline pumping determinations were made
based on the gallery oil pressure. In general, the engine exhibited flow-limited behavior
at temperatures well below the borderline pumping temperature (BPT) and air binding at
temperatures near the BPT. Fig. 7 shows a typical oil pressure trace at borderline

conditions in the LDT-465-1C engine.

A comparison was made between the BPTs obtained with and without pistons installed in
the LDT-465-1C engine. As shown in TABLE 5, the BPTs were essentially equivalent

with or without the pistons present.

The effect of the cooling cycle on the BPT of four different test oils was determined.
As shown in TABLE 6, no major differences in BPT were observed for these four oils
when tested using the fast- or slow-programmed cooling cycles. The two multigrade oils
had slightly higher BPTs when using the slow-cool method. Thus, the slow-cool method
was equivalent or possibly just slightly more severe than the fast-cool method. The

programmed slow-cool cycle was used for all subsequent tests in different engines.
The effect of an extended cold soak on oil BPT in the LDT-465-1C engine was

determined. The extended weekend soak consisted of following the normal slow-cooling

cycle up to the point at which the cranking test would normally be made. At this point,
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48 hours were added to the cold soak before testing began, which increased the total
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extended soak test time to 68 hours. As shown in TABLE 7, the extended cold soak had

’
]
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nc major effect on oil BPT.
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- TABLE 5. Effect of Pistons on Borderline Pumpability Y
- Temperature, LDT-465-1C Engine, Fast-Cool Procedure N
v -
N 15W-40 Oils >
"'. PMA VII OCP VIl N
e Oil No. 7 Oil No. 8 Oil No. 3 Qil No. & : )
« With Pistons -209F(-29°C)  -179F(-27°C) -109F(-23°C)  -6°F(-21°C) &
™, Installed N
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TABLE 6. Cooling Cycle Effect—LDT-465-1C Engine

Fast Cool Programmed Slow Cool
Oil No. Description 82CP 34CP
1 15W-40 -89F(-229C) -49F(-20°C)
12 SAE 30 -49F¢220°C) -4OF(-20°C)
13 10W -220F(-30°C) -229F(-30°C)
4 15W-40 OCP-H -69F(-21°C) -4OF(-20°C)

TABLE 7. Extended Soak Time Effect
LDT-465-1C Engine, 82CP

Time to 40 psi Oil Gallery Pressure, min

Oil No. Description Normal Soak (20 Hr) Extended Soak (68 Hr)
13 1OW at -249F(-31°C) 1.63 1.70
7 15W-40, PMA-L
at -18OF(-28°C) 0.65 0.75

The results of low-temperature oil pumpability evaluations in the LDT-465-1C engine
are presented in TABLE 8. Since the two cooling procedures (slow and fast programmed)
yielded essentially the same BPTs, all data are presented. Some of the oils were
received later in the program and were not evaluated in this engine and are reported as
not tested. Appendix C contains plots of test temperature versus time to minimum
required oil pressure for the LDT-465-1C engine. For the multigrade oils, the only
points plotted were for tests of new unsheared oils. To conserve oil, multigrade oils
were re-run to help in locating the approximate BPT. However, the actual BPT was
always confirmed using new, unsheared multigrade oil. For the 15W-40 oils, Oi! No. [,
which contains an OCP VII system, and special blend Qil No. 4 (OCP-H) were the most
severe oils with each having a BPT of -49F (-20°C). For blends of equivalent low-
temperature viscosities, those containing PMA VII additive had substantially lower BPTs
than the oils formulated with OCP VII. Oil No. 11 (75 VI) had the most severe SAE 30
grade BPT at +6OF(-14°C), while the straight 10W grade (Oil No. 13) had a BPT of -22°F
(-30°C). Overall, the BPTs developed in the LDT-465-1C were more severe (higher
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TABLE 8. Oil Borderline Pumpability Temperature (BPT) ;:;;';
5 in LDT-465-1C Engine ke
| Oil Cooling BPT, MRYV/BPT,
No. Qil Description Cycle 9F(°C) OF(°C)
15W-40 Oils
1 MIL-L-2104D (OCP) 84CP -4(~-20) -13(-25)
2 MIL-L-2104D (OCP) 82CP -8(-22) -16(-27)
3 OCP-L 82CP -10(-23) -18(-28)
4 OCP-H 84CP -4(-20) -16(-27)
5 SI-H NT NT -15(-26)
6 SI-L NT NT -18(-28)
7 PMA-L 82CP -20(-29) -22(-30)
3 PMA-H 82CP -17(-27) -19(-28)
9 Commercial PMA NT NT -20(-29)
10 Commercia} SI NT NT -17(-27)

30-Grade Oils

11 MIL-L-2104D 75 VI 4CP +6(-14) +1(-17)
12 MIL-L-2104D {Cp -4(-20) -8(-22)
QOthers
13 10W MIL-L-2104D 84CP -22(-30) -29(-34)
14 10W-30, OCP-L 82CP -12(-24) -19(-28)
15 5W-30, Synthetic NT NT -26(-32)
16 5W-30, Synthetic 84CP <~-33(-36) < -40(-40)
NT Not tested.

OCP ; Olefin copolymer VII.
S1 = Styrene-Isoprene VII,
PMA = Polymethacrylate VIL
e
temperature) than the BPTs calculated from the MRV (ASTM D 3829). A plot of the
linear regression of engine-derived BPT on MRV BPT is presented in Fig. 8, and a ?‘:‘
summary of the regression analysis is in TABLE 9. In Fig. 8, the two pairs of dotted .
lines represent the 95-percent confidence and prediction limits. Based on this linear ':‘f!\
regression, which has a correlation coefficient (R-squared) of 0.86, approximately 86 ._:;::
percent of the variability in the engine-derived BPT is explained by the MRV BPT. In :z_:: '
e

general, the engine-derived BPT was approximately 6°F higher than the MRV BPT.
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Figure 8. Regression of LDT-465 BPT on MRV BPT

TABLE 9. BPT Regression Analysis—LDT-465-1C Engine

Regression Analysis - Linear model: Y = a+bX
Dependent variable: LDT465BPT

Independent variable: MRVBPT

Standard T Prob.
Parameter Estimate Error Value Level
Intercept 6.1732 2.44399 2.52587 0.0354826
Slope 0.985736 0.13843 7.12082 9.99193E-5
Analysis of Variance

Sum of Mean Prob.
Source Squares Df Square F-Ratio Level
Model 572.21982 I 572.21982 50.70613 0.00010
Error 90.280183 8 11.285023
Total (Corr.) 662.50000 9
Correlation Coefficient = 0.92937 R-squared = 0.86
Std. Error of Est. = 3.35932
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The 15W-40 multigrade oils experienced shear during the pumping test. TABLE 10 shows %:
e &
the effect of a single pump test on oil properties. The oils lost between 0.2- to 2.2- A
centistokes viscosity at 100°C, and most oils had slightly lower MRV BPTs after ‘v. "
experiencing one pump test. Cold-cranking simulator viscosities were slightly reduced :::.!',:'."
in most, but not all cases. These data illustrate the importance of conducting engine ":ﬁ‘
N . r
pumpability tests with fresh, unsheared test oils. '.:!."- 3
c\').’\}
- ’\-
L“\-J'\. A
oy
TABLE 10. Used Oil Properties After One e
Pump Test—LDT-465-1C 15W-40 Oils "o
et
W
Oil No. L 2 3 4 7 8 e
Description OCP oCP QCP-L  OCP-H PMA-L PMA-H X i@
XANA
)
Qil Properties d}\ :
K. Vis, 409C, cSt E’EE:"
New 107.47 99.06 101.51 111.86 88.48 97.87 5.4_;3'
Used 99.78 99.43 86.00 103.40 83.28 94.94 Ty
A 7.69 0.37 15.51 .46 5.20 2.93 ¥ &.‘
K. Vis, 1009C, cSt ,_ -
New 13.66 13.31 14.90 14.65 15.02 14.58 RS
Used 12.81 13.07 12.72 13.37 13.96 13.98 pioeie
7\ 0.85 0.24 "2.18 .28 T.06 0.60 il
"'h-I
BPT, oC el
New -25.2 -27.3 -27.7 -26.3 -30.1 -28.2 ™
Used -26.0 -26.3 -28.1 -26.4 -31.0 -27.8 PG
4 +0.8 -1.0 +0.4 +0.1 +0.9 -0.4 Al
AR,
CCS,* -159, cp g
New 2900 2830 1950 3400 1950 3300 AONS
Used 3400 3300 1850 3150 2100 3200 ®
a +500 +470 -100 -250 +150 -100 RN
N
CCS, -209C, cp oS
New 7000  ND** 4100 6750 4200 7150 R
Used 6790 3450 6000 4000 6800 el
a -10 -650 -750 -200 -350 : .
NSy
*Cold cranking simulator CON
**ND=No. determined RGNy
RN
_e
Y
-.:"\.:
b
\i‘ &
21 "‘.ﬁ\.'-
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B. GM 6.2L Engine e
e
:";."lf
Low-temperature oil pumpability was investigated in the GM 6.2L engine used to power B
the U.S. Army HMMWYV and CUCYV vehicles. All tests were run with the pistons installed Bl
e T
and followed the 84CP (slow programmed) cooling cycle. A description of the 6.2L {,;é
. L 5 3
engine is presented in TABLE 11. A schematic of-the 6.2L engine lubrication system and V%‘)c,‘:{ ‘,‘
. . . AN
the locations of BFLRF oil pressure instrumentation are shown in Fig. 9.(35) Gallery oil .
S
. ,‘.'::.
TABLE 11. Engine Specifications for the GM 6.2L Engine '.:
¢, .l"
Model: GM 6.2L . "
Engine Type: Four-Cycle, Compression Ignition, Ricardo Comet V Combustion °
Chamber Rt
Cylinders: 8, V-Configuration v, "'
Displacement: 6.217 L (379 cubic inches) P
Bore: 10.1 cm (3.98 inches) )‘:'.Q )
Stroke: 9.7 cm (3.82 inches) bt
Compression Ratio:  21.3:1 ‘ _ Y
Fuel! Injection: Stanadyne DB-2 Fuel Injection Pump, Bosch Pintle Injectors AN
Rated Power: 116 kW (155 BHP) at 3600 rpm e
Rated Torque: 355 NM (262 Ib-ft) at 2200 rpm ;:.:
ldle Speed: 800 rpm (motoring for pumpability tests) ii-r" :
e
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pressure was measured at the front of the right-hand side valve lifter gallery, the
furthest point from the oil pump. Rocker-arm oiling time was determined for this

engine at the right rear rocker arm.

Borderline pumping conditions for the 6.2L engine at 800-rpm idle were defined as a
minimum oil pressure of 30 psi at 1.0 minute and thereafter. According to the 1984
GMC pickup truck owner's manual, oil pressure at normal operating temperatures with
proper engine cooling should be 30-40 psi. If 30 psi is adequate oil pressure during
normal operation, it should also be adequate for cold-temperature idle and was selected
as the limit. While an oil pressure of less than 30 psi may be acceptable at idle, the oil
pressure trace curve is essentially a straight vertical line between 10 and 40 psi, as

shown in Fig. 10. This means that the oil BPT as determined by oil pressure at 1.0

-
wm

-
PICKUP TUBE PRESSURE, psia

PICKUP TUBE
PRESSURE _ OlL NO. 2, 15W-40
TEMP: -12°F (-24°C)
TIME TO 30 psi: 0.9 MINUTE

-
w

-
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Figure 10. Typical GM 6.2L oil pressure trace
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minute would be the same for any oil pressure limit between 10 and 40 psi. The 6.2L

engine was generally flow limited at temperatures below the BPT and exhibited some

very limited air-binding at temperatures near the BPT, as shown in Fig. 10.

The results of the borderline oil pumpability temperature determinations in the 6.2L

engine are presented in TABLE 12.

minimum required oil pressure are provided in Appendix D.

Plots of test temperature versus time to the

In this engine, the most

severe 15W-40 oil was Oil No. 5 (special blend SI-H) with a BPT of -99F (-23°C), while

TABLE 12. Oil Borderline Pumpability Temperature (BPT)

in GM 6.2L Engine

Rocker Arm

oil BPT, MRYV BPT, Oiling Time,
No. Qil Description OF(°C) OF(°C) minutes
15W-40 Oils
1 MIL-L-2104D (OCP) -12(-24) -13(-25) 12
2 MIL-L-2104D (OCP) -17(-27) -16(-27) 14
3 OCP-L -16(-27) -18(-28) 12
4 OCP-H -11(-24) -16(-27) 13
5 SI-H -9(-23) -15(-26) 13
6 SI-L -15(-26) -18(-28) 13
7 PMA-L NT -22(-30) NT
8 PMA-H NT -19(-28) NT
9 Commercial PMA NT -20(-29) NT
10 Commercial SI -11(-24) -17(-27) 12
30 Grade Qils
11 MIL-L-2104D (75 VI) +2(-17) +1(-18) 12
12 MIL-L-2104D -5(-21) -8(-22) 12
Others
13 10W, MIL-L-2104D -28(-33) -29(-34) 13
14 10W-30, OCP-L -22(-30) -19(-28) 14
15 5W-30, Synthetic NT -26(-32) NT
16 5W-30, Synthetic <-~22(-30) <-40(-40) > 1y
NT = Not tested.
OCP = Olefin copolymer VII,
S1 = Styrene-Isoprene VII.
PMA = DPolymethacrylate VIIL
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Oil No. 11 (75 VI) had the highest BPT of the SAE 30 grades at +29F (-179C). The :-E'}\.
B
straight-grade 10W had a BPT of -28°F (-339C). Of particular interest was the rather BN,
long rocker-arm oiling times observed for this engine. At borderline pumpability ’
temperature, rocker-arm oiling time was consistently between 12 and 14 minutes. :{2::
o
Overall, the BPT, as determined by MRV, was a better predictor of engine-determined ‘Q{p'
BPT in this engine than in the LDT-465-1C engine. Fig. 11 shows a plot of the linear el
regression of engine-derived BPT on MRV BPT, which had a correlation coefficient (R- “&
squared) of 0.88. The regression analysis summary is presented in TABLE 13. By this :'-::}-«:
analysis, the engine-derived BPTs were approximately 2.59F higher temperature than o
v “-.‘!
the BPT by ASTM D 3829, S
o
ey
Ly 5
r""
2_{_..T|}.1II?||s.;Tiili\.( {://r/,/::f; f'“
= ; il
7~ |Dotted lines indicate 95-percent : - - q el
3 ‘L-_-_ confidence and prediction limits T o o / A ___‘_ X :"
t ~ o :‘
- \.‘.c,:
. tWhe,
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Figure 11. Regression of GM 6.2 BPT on MRV BPT -
oy
::\'j:-\. :
The used oil kinematic viscosity at 1009C was determined after one pumpability test for ::-:-:4,.
iy
the 15W-40 oils tested to determine shear degradation of the oils. As shown in AN
TABLE 14, viscosity loss at 100°C ranged from 0.5 to 1.5 ¢St after one pumping test, _, .
A
\-'. g
\iﬁ
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TABLE 13. BPT Regression Analysis—GM 6.2L Engine g’:‘f{
) [
Regression Analysis - Linear model: Y = a+bX A
Dependent variable: DD62BPT Independent variable: MRVBPT .:E"'.: :¢
Sty
» (X
Standard. T Prob. - (::
Parameter Estimate Error Value Level holel
Intercept 2.53391 2.14021 1.18396 0.266756 L
Slope 1.02305 0.127284 8.03759 2.13206E-5 UL
\~
w
Analysis of Variance g %
Sum of Mean Prob. k!
Source Squares Df Square F-Ratio Level o
Model 569.56195 T 569.56195 64.60292 0.00002 9
Error 79.347143 9 8.816349 o
Total (Corr.) 648.90909 10 o,a:'::i
L} . K
Correlation Coefficient = 0.936868 R-squared = 0.88 % '.:'
Std. Error of Est. = 2.96923 °
:\)4"_\
o
Reoe
\-*N%._
. i \"\\‘,‘\-
TABLE 14. Used OQil Viscosity of 15W-40 Oils After :{'_‘;.( ,
One Pump Test—GM 6.2L Engine e
NG
AN
K. Vis, 100°C, ¢St NN,
. . . [}
Oil No. Description New Used Loss Q’EQ"
1 ocp 13.66 12.75 0.91 T
2 ocp 13.31 12.85 0.46 <
3 OCP-L 14.90 13.38 1.52 R,
4 OCP-H . 14,65 13.12 1.53 OAY,
6 SI-L 14.51 13.63 0.88 A
7 SI-H 13.97 13.62 0.35 NN
"’\."Fb'
®
t'::': W)
RN
which was very similar to the observed viscosity loss in the LDT-465-1C engine. :f,‘j;
Overall, the 6.2L diesel engine was less severe than the LDT-465-1C with respect to _:;’; ‘
ey
low-temperature oil pumpability. "’-‘:’"
P
C. DDC 6V-53T Engine e
A

2

b
v

»
RN
®

The next engine to be investigated for low-temperature oil pumpability was the DDC

6V-53T, which is representative of a two-cycle diesel engine series used to power many
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of the U.S. Army combat vehicles. For all tests, the slow-cooling procedure (84CP) was
used, and pistons were installed. A description of the DDC 6V-53T engine is
presented in TABLE 15. Fig. 12 contains a schematic of the engine [ubricating system
with the locations of the oil pressure pickups used in the tests.(36) Gallery oil pressure
was obtained from the left rear main oil gallery; turbocharger oil pressure was obtained
from the oil line feeding it; and rocker-arm oil pressure was obtained from the right
front cylinder (IR).

TABLE 15. Fngine Specifications for the DDC 6V-53T Engine

Model: 5063-5395

Engine Type: Two-Cycle, Compression Ignition, Direct Injection,
Turbo-supercharged

Cylinders: 6, V-Configuration

Displacement: 5.21 L (318 cubic inches)

Bore: 9.8 cm (3.875 inches)

Stroke: 11.4 cm (4.5 inches)

Compression Ratio: 18.7:1

Fuel Injection: DD Unit Injectors, N-70

Rated Power: 224 kW (300 BHP) at 2800 rpm

Rated Torque: 858 NM (633 lb-ft) at 2200 rpm

Idle Speed: 600 rpm (motoring for pumpability tests)

Borderiine oil-pumping conditions for the 6V-53T engine at 600 rpm idle were defined 2s
a minimum turbocharger oil pressure of 30 psi at 1.0 minute and thereafter. The 6V-53T
oil qualification test procedure has an oil-pressure limit of 30 psi at operating speeds
and temperatures.(37) The same 30-psi limit was selected for this program to provide a
margin of safety at cold idle conditions. As with the 6.2L engine, the oil pressure trace
for the 6V-53T engine is nearly a vertical line between initial pumping and 50 psi; thus,
the BPT as determined by minimum oil pressure at 1.0 minute would be nearly the same
for any oil pressure limit between 5 and 50 psi. A typical oil pressure trace for a
pumpability test is shown in Fig. 13. In the 6V-53T, at BPT conditions, the gallery had
almost immediate oil pressure, while pressure to the turbocharger developed slightly
later. Air binding was observed in the gallery pressure trace and, to a lesser extent, in
the turbocharger trace at BPT conditions. A sudden spike of loss in turbocharger oil
pressure, followed by an immediate recovery in oil pressure, was a typical oil-pumpabil-

ity characteristic of this engine at low temperatures.
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ROCKER ARM
ROCKER ARM FEiNTl«S{leY

OIL PRESSURE

CYLINDER HEAD

LUBRICATION

TO BLOWER
CAM ROLLER
LUBRICATION
OIL PRESSURE z o0
REGULATOR VALVE  CAMSHAFT X B L
X , CRANKSHAFT-TO-
LUBRICATING e CONNECTING ROD
OlL PUMP @ LUBRICATION

\

*S5=S (WBRICATION TO DRIVE GEARS

GALLERY OIL PRESSURE

= LUBRICATION TO TURBOCHARGERR

OILFILTER
BYPASS VALVE

OILFILTR ADAPTRR

FRONT i

LOWER
cover LUBRICATING
OILFILTER
OlL PUMP
OUT LET TUBE ol

COOLR
OIL
OlL PUMP COOLR TRANSMISSION
INLET TUBE B8YPASS VALVE CILCOOLR
NOTES

1. OILFILTER BYPASS VALVE OPENS AT 12 PS5,
2. OILCOOLER BYPASS VALVE OPENS AT 30 PSI,

3. OIL PRESSURE REGULATOR VALVE OPENS AT 51 PSI,

LRGN EIeIUSLY INDICATES TRANSDUCER LOCATIONS

Figure 12. Lubricating system diagram for DDC 6V-53T engine
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Figure 13. Typical pressure trace for DDC 6V-53T engine

The results of the oil pumpability tests in the 6V-53T engine are presented in TABLE l6.
Plots of test temperature versus time to the minimum required idle oil pressure are in
Appendix E. In this engine, the most severe 15W-40 oil was Qil No. | (OCP) with a
BPT of -119F (24°C), while Oil No. 11 (75 V1) (an SAE 30 grade) had the highest BPT at
+19F (-179C). The SAE 10W grade (Oil No. 13) is not recommended for use in this engine
series; however, it was evaluated for information only and found to have a BPT of
-309F (-34°C). Rocker-arm oiling times at BPT conditions were between 2 and 3
minutes for most of the oils. Fig. 14 shows a plot of the linear regression of engine-
derived BPT on the BPT from the MRV. The correlation coefficient (R-squared) for this
regression was only 0.61 (TABLE 17). The 6V-53T engine has a very powerful oil pump,
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" TABLE 16. Oil Borderline Pumpability Temperature (BPT) X
) in DDC 6V-53T Engine :.. 2
N
:: Rocker-Arm Pour !
N Oil BPT MRV BPT, Oiling Time, Point,
:: No. Oil Description OF(°C) OF(°C) minutes OF(°C)
)
15W-40 Oils
: | MIL-L-2104D (OCP) -11(-24)  -13(-25) 2.0 ~11(-24) “
. 2 MIL-L-2104D -16(-27) -16(-27) 2.8 -15(-26) -
: 3 OCP-L -16(-27) -18(-28) 2.5 -17(-27) e
. 4 OCP-H -13(-25) -16(-27) 2.4 -17(-27) e
5 SI-H -21(-29) -15(-26) 3.7 -9(-23) ok
_ 6 SI-L -19(-28) -18(-28) 2.4 -13(-25) g
: 7 PMA-L -264(-31) -28(-33) 3.0 -18(-28) e
[ 8 PMA-H -21(-29) -19(-28) 3.5 ~18(-28) hON
i 9 Commercial PMA -24(-31) -22(-30) 3.8 -27(-33) 2
! 10 Commercial SI -20(-29) -17(-27) 3.0 -11(-24) o
- et
K 30-Grade Oils e,
. g
a 11 MIL-L-2104D (75 VI) -13(-25) -1(-17) 4.0 -6(-21) -t
- 12 MIL-L-2104D -15(-26) -8(-22) 2.8 -11(-24) e
1.4 ’\
’ Others ~
. ®
2
13 10W, MIL-L-2104D  -30(-34) -29(-34) 3.1 -27(-33) NN
i 14 10W-30, OCP-L NT -19(-28) NT ND N
15 5W-30, Synthetic NT -26(-32) NT ND TN
- 16 5W-30, Synthetic  <-30(-34) < -40(-40) ND ND NN

S5

¥ NT = Not tested.

N OCP = Olefin copolymer VII.

. St = Stvrene-lsoprene VIL

. PMA = Polymethacrylate VII.

: ND = Not determined.

[< kg

% oA

N as it was able to pump oils through the system at temperatures near or below their pour ::_,.

3 point where the oils are a semisolid slush. For example, Oil No. 11 (75 VI SAE 30 grade) ,.:'F

+ ¢
had a pour point of -69F (-21°F), and an engine-derived BPT of -13°F (-25°C). Pour =

. point was examined as a predictor of engine-derived BPT as shown in the linear -

X" o

- regression analysis in TABLE |8 and plotted in Fig. 15. The correlation coefficient (R- ‘\‘:

X squared) of 0.48 revealed no strong relationship between pour point and the BPT in the ::::'

. Y
V- ine. -

. 6V-53T engine ®

)

)

'

s %

B f-_f ’-" S N ".' VY '-'," T Y N " ) s .‘- o o Y "a 0y L "W Wl S N N Vo S A WL W LR R | ::

B A R N




«:;lb WLUTGX WY O RS ~.|‘|~'» ,‘\F A%t -. sl LaranAn. A ":,-~_.. A PR ey .‘L v Y O '~
'4 W
: oAy
. o
N
: ®
X '\"
—~
M /'.'.'
) o~
R
94 o
M .
L] f
*I ::',.h
M ")
- ::"'
[ '»" 3
L v
: .V
1 B
- & ~z
= o~y
v o ey
A ] -\',;-
[ 3 e
- =1 &
= A
. ®
'..1;
)‘ *‘
D 26 e .. U A _— :
PN T o : o ' Dotted lines indicate 95-percent] | : l':
' e : T confidence and prediction limits | ”;
N B . . ‘ ' m NG
X.. gobt ot b v be g e b by ::
. -29 -24 -19 14 -9 -4 1 ANy
MRV BPT °F Ao
. bt
& Figure 14. Regression of DDC6V BPT on MRV BPT ‘-.,
% bre)
oo l:,:..'
: The used oil kinematic viscosity at 100°C was determined for the 15W-40 oils after one o
N 6V-53T pumpability test to determine shear degradation of the oils (TABLE 19). The .,
. A
< observed viscosity loss ranged from 0.23 to l.74 centistokes, which was very similar to N
.
o the loss observed in the LDT-465-1C and GM 6.2L engines. Overall, the 6V-53T engine ::-;\
by . . “ps . \ !
was less severe with respect to low-temperature oil pumpability than either the LDT- g
:: 465-1C or GM 6.2L engines. “'
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TABLE 17. BPT Regression Analysis—DDC 6V-53T Engine :;I::::.‘
; D,
| L, A
Regression Analysis - Linear model: Y = a+bX v.;%
Dependent variable: DD6VBPT Independent variable: BPT :“'.g-*“i
by
Standard T Prob. Ef‘
Parameter Estimate Error Value Level ey
Intercept -9.56656 2.39082 -4.00136 2,08133E-3 &
Slope 0.544196 0.130281 4.17709 1.54412E-3 MEATH!
\ '
Analysis of Variance :;\,?\ 4y
Sum of Mean Prob. L
Source Squares Df __Square F-Ratio Level g{z
Model 213.91087 l 213.91087 17.44808 0.00154
Error 134.85836 11 12.25985 P
AN
Total (Corr.) 348.76923 12 T
o
Correlation Coefficient = 0.783154 R-squared = 0.61 ‘;. Gy
Std. Error of Est. = 3,50141 ®
RS
G
5
Py
t:-."'s 1
.
TABLE 138. Engine BPT Regression Analysis on Pour Point 7}_.-.-
.:.‘.: ',
Regression Analysis - Linear model: Y = a+bX :.::..::"'
Dependent variable: DD6VBPT Independent variable: POURPT T
hehak
Standard T Prob. @
Parameter Estimate Error Value Level ,7-:3.. \
Intercept 29.65686 3.07507 -3.14037 9.40248E-3 ey
Slope 0.587304 0.185876 3.15965 9.08487E-3 SR
)
Analysis of Variance S
Sum of Mean Prob. ®
Source Squares Df Square F-Ratio Level PR
Model 165.93600 t 165.93600 9.98339 0.00908 'Q', i
Error 182.83323 1 16.62120 N
f..l“
Total (Corr.) 348.76923 12 2
| J
Correlation Coefficient = 0.689765 R-squared = 0.48 DN
Std. Error of Est. = 4.07691 o
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Table 19. Used Qil Viscosity of 15W-40 Oils After
One Pump Test—DDC 6V-53T Engine
K. Vis, 100°C, cSt

Oil No. Description New Used Loss

{ ocp 13.66 12.67 0.99

2 oCcp 13.31 12.68 0.63

3 OCP-L 14.90 13.16 1.74%

4 OCP-H l4.65 13.17 1.48

6 SI-L 14.51 14.26 0.25

5 SI-H 13.97 13.80 0.17

7 PMA-L 15.02 13.76 1.26

8 PMA-H 14.58 13.70 0.88

10 Comm, SI 14.34 14.11 0.23

9 Comm. PMA 14.20 13.49 0.71
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D. Cummins VTA-903T Engine

The final engine to be investigated for low-temperature oil pumpability was the
Cummins VTA-903T engine used to power U.S. Army M2 and M3 combat vehicles. All
tests were run following the slow cooling procedure (84CP) with the pistons installed.
TABLE 20 contains a description of the VTA-303T engine, while Fig. 16 is a block
diagram of the engine lubrication system.(38)

the right rear of the engine block while turbocharger oil pressure was measured at the

"
v

Gallery oil pressure was measured at

TABLE 20.

Model:

Engine Type:
Cylinders:
Displacement:
Bore:

Stroke:
Compression Ratio:
Fuel Injection:
Rated Power:
Rated Torque:
Idle Speed:

Engine Specifications for the Cummins VTA-903T Engine

VTA-903T

Four-Cycle, Compression Ignition, Direct Injection
8, V-Configuration

14.8 L (903 cubic inches)

14.0 cm (5.5 inches)

12.1 cm (4.75 inches)

15.5:1

Cummins PT

373 kW (500 BHP) at 2600 rpm

1369 NM (1010 1b-ft) at 2400 rpm

800 rpm (motoring for pumpability tests)

-

r )
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[~1_MAINBRG. o, 2 ¥
L"‘ CAM BUSHING | £RONT OL R.B. MAIN
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LOCATIONS COOLER TAPPETS
{ MAIN BRG. ~1 NO's.3s7 —— -9
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Figure 16. Cummins VTA-903T engine oil flow diagram
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oil delivery line leading to the turbocharger. Rocker-arm oil pressure was measured at }.,:{:
e
left front of the engine (cylinder No. 5). ;,.-w
L
L )
Borderline oil-pumping conditions for the VTA-903T engine at 800-rpm idle were defined &
as a minimum turbocharger oil pressure of 10 psi at 1.0 minute and thereafter.(38) As . '0:.'
- ~
observed in other engines, the turbocharger oil-pressure trace was nearly a straight R0
vertical line from initial pressure development to 30 psi; thus, the BPT determined at % q
1.0 minute would be nearly the same for any pressure limit between | and 30 psi. A }.’S_'
typical oil pressure trace for this engine at borderline pumping conditions is shown in {z_:
Fig. 17. The VTA-903T engine had the following general oil pumpability characteristics: ::’
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Figure 17. Typical oil pressure trace for VTA-903T engine
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at a given temperature, oil pressure developed at the turbocharger after gallery

Ny

J-’%‘%

pressure; at BPT gallery, oil pressure was immediate and turbocharger oil pressure

showed indications of air binding. In fact, gallery oil pressure developed immediately

.
o
[

e -

for all test conditions examined. For example, using SAE 10W grade oil at -330F l'.:.‘t‘
(-39°C) resulted in immediate gallery oil pressure, while turbocharger oil pressure took %'E’.?:i
in excess of 15 minutes to develop. At BPT, it generally took 3.5 to 4.5 minutes to Ry, ,:
develop 1.0 psi rocker-arm oil pressure. The BPTs determined in the VTA-903T engine #,'
are presented in TABLE 21. Appendix F contains plots of test temperature versus time “' N
to minimum required idle oil pressure. Special 15W-40 blend OCP-H (Oil No. 4) was the i:ﬂ..
most severe 15W-40 oil with a BPT of -6°F (-21°C). As observed in the other engines, g_& !
the 15W-40 oils formulated with PMA-VII had the lowest BPTs. Oil No. 11 (75 VI SAE '. '
30-grade) had the highest BPT at +79F (-149C). BPT of the SAE 10W grade was -219F :
(-29°C), while the synthetic 5W-40 product had a BPT of -35°F (-37°C). At BPT 35:::“
conditions, rocker-arm oiling times were between 3.5 and 4.5 minutes. Fig. 13 shows a ::-::\?
plot of the linear regression of engine-derived BPT on BPT from the MRV (ASTM D Dl
3829). The correlation coefficient (R-squared) for this regression was 0.76 as shown in :}\}\-5
TABLE 22. Overall, the VTA-903T engine was similar in low-temperature oil pump- &,_ ;{
ability severity to the LDT-465-1C engine. These two engines were the most severe byt lf
(highest BPTs) of the four engines investigated. ! "
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TABLE 21. Oil Borderline Pumpability Temperature (BPT)

in Cummins YTA-903 Engine =
Rocker-Arm :.E\';N
Qil BPT, MRV BPT, QOiling Time, )
No. Qil Description OF(°C) OF(°C) minutes E.Q\. s
15W-40 Oils o
R
1 MIL-L-2104D (OCP) -7(-22) -13(-25) 4.0 ;;':3;;;‘.
2 MIL-L-2104D (OCP) -9(-23) -16(-27) ND REEN
3 OCP-L ~10(-23) -18(-28) 4.5 g
4 OCP-H -6(-21) -16(-27) 3.5 & |
Padtls DY
5 SI-H -9(-23) -15(-26) 3.8 i
h{
6 SI-L NT -18(-28) NT »;C;:'
7 PMA-L -18(-28) -22(-30) 4.3 A
8 PMA-H -13(-25) -19(-28) b -
9 Commercial PMA _14(-26) ~20(-29) 3.8 E.:'\C
™ "]
10 Commercial SI NT -17(-27) NT :E,-“
30 Grade Oils .}. %
11 MIL-L-2104D (75 VI) +7(-14) +1-17) 3.6 .'\_‘5‘3;‘ g
12 MIL-L-2104D ~14(-20) -8(-22) 4.3 SN
-\ u:
Others w'h )
AN
13 10W, MIL-L-2104D -21(-29) -29(-34) 4.2 oy
, WY,
14 10W-30, OCP-L -18(-28) -19(-23) 4.1 e
15 5W-30, Synthetic -38(-39) -26(-32) 3.1 E:_N N
%
16 5W-30, Synthetic -38(-39) -40(-40) 4.0 "~"7. '
17 5W-40, Synthetic -35(-37) -40(-40) 3.7 ]
e
NT = Not tested. NGOG
OCP = Olefin copolymer VII. O,
SI = Styrene-Isoprene VII. e
PMA = Polymethacrylate VII. SO
ND = Not determined. ANy
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‘ Figure 18. Regression of C903 BPT on MRV BPT
h
TABLE 22. BPT Regression Analysis—VTA-903T Engine
)
' Regression Analysis -~ Linear model: Y = a+bX
Dependent variable: C903BPT Independent variable: BPTF
T Standard T Prob.
| Parameter Estimate Error Value Level
h Intercept 8.1315 3.81331 2.1324 0.0563444
! Slope 1.20777 0.206853 5.8388 1.12715E-4
Analysis of Variance
Sum of Mean Prob.
Source Squares Di Square F-Ratio Level
y Model 1013.6912 1 1013.6912 34,0916 0.00011
{ Error 327.07804 11 29.73437
) Total (Corr.) 1340.7692 12
Correlation Coefficient = 0,869512 R-squared = 0.76
Std. Error of Est. = 5.45292
!
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Borderline oil-pumpability temperatures (BPTs) were de y eng g .
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experiments conducted in a cold box. The variables investigated included: four different ":l.!“ .f
. . . . . N
engine types; four different oil viscosity grades; and three different viscosity index :$:
improver chemistries, Fig. 19 shows the limiting BPTs for each engine grouped by oil :.:!:.0!'»
viscosity class. In general, for a given oil, the decreasing order of engine severity (i.e., e ‘
Nt
highest BPT) was: the LDT-465-1C and the YTA-903T were the most severe and were -:'_:::_
ey
approximately equivalent. The GM 6.2L engine was the next least severe, and the DDC _:5_:_,‘,
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6V-53T engine was the overall least severe. Note that the 6V-53T engine tended to s
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group all the 15W-40 and 30-grade oils between -139 (-259) and -169F (-27°C) due to its

very strong oil pump,

TABLE 23 contains the engine-derived BPTs for the special blend 15W-40 oils that were
formulated to the upper and lower 15W specification limits. The different VII
chemistries of the special blend test oils included: olefin copolymer (OCP), styrene-
isoprene polymer (SI), and polyn.ethacrylate (PMA). The PMA-containing 15W-40 oils
had superior low-temperature oil pumpability performance in each engine in which they
were evaluated. Oils formulated with SI VII had sirilac to slightly better low-
temperature pumpability performance than the OCP-containing oils. TABLE 24 contains
a summary of the limiting engine-derived BPTs for the engine/oil matrix. The iimiting
BPT for each oil type is boxed in TABLE 24. For 15W-40 grade oils, the most severe
condition was an oil formulated ith OCP VII operated in the LDT-465-1C engine. For
the SAE 30 grade oils, the 75 VI product was limiting in the VTA-903T engine. This same

engine was limiting for the single SAE 10W grade oil investigated.

TABLE 23. BPTs of Special Blend 15W-40s

BPT, °F(°C)

Qil
_No. Description VTA-903T DDC6V-53T  GM 6.2L LDT-465-1C
3 OCP-L -10(-23) -16(-27) -16(-27) -10(-23)

6 SI-L NT -19(-28) -15(-26) NT
7 PMA-L -18(-28) -24(-31) NT -20(-29)
4 OCP-H -6(-21) -13(-25) -11(-24) -4(~22)
5 SI-H -9(-23) -21(-29) -9(-23) NT
8 PMA-H -13(-25) -21(-29) NT -17(-27)

NT = Not tested.

The BPT range (R) for a given VII type and engine is defined as the engine-derived BPT
for the oil blended to the upper limits of the viscosity grade (BPT(jL) less the engine-
derived BPT of the oil blended to the lower limit of the grade (BPTy ). The equation is:
R = BPTyL - BPT .
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TABLE 24. Summarized Results: Limiting BPTs

Temperature, °F(°C)

LDT-465-1-C GM 6.2 L DDC 6V-53T VIA-903T
L 15W-40 -

ocCP -11(-24) -11(-24) - 6(-21)
PMA -17(-27) NT -21(-29) -13(-25)
St - 8(-22) -11(-24) -19(-28) - 9(-23)

30
95 VI - 4(-20) - 5(-21) -15(-26) - 4(-20)
75 VI + 6(-14) + 2(-17) -13(-25)
1ow -22(-30) -28(-33) -30(-34) ~21(-29)
5W-30 -33(-36) <-22(-30) <-30(-34) -33(-39)
5W-40 NT NT NT -35(-37)

] = Limiting value for this oil type
NT = Not Tested

TABLE 25 shows the range of engine-derived BPTs for 15W-40 oils grouped by engine
type and VII chemistry. For oils blended with OCP VII to the lower and upper 15W-40
viscosity limits, the BPTs in the LDT-465-1C engine increased by 69F over the 15W-40
viscosity grade. The 15W-40 BPT ranges varied from 29 to 69F, with no consistent

trends with respect to VII chemical type or engine type.

TABLE 25. Range of BPTs Within 15W-#0 Oil Class

Temperature Range, °F

Engine Type

VII Chemistry LDT-465-1C GM 6.2L DDC 6V-53T VTA-903T
oCP 6 6 5 4
PMA 3 ND* 3 5

Si ND 6 2 ND

*ND = Not Determined
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The BPTs determined by ASTM D 3829 did not completely predict engine-derived BPTs,

i: The linear regression correlation coefficients (R-squared) resulting from the two
. different BPT values ranged from 0.61 to 0.88.
! "
) » .I,
: The shear effects of a single pumpability test for three engine types are summarized in "’»'a.‘
) N
: TABLE 26 for |5W-40 oils. Each engine produced approximately the same viscosity :o:::
shear loss. Of the particular VII additives represented, the I material experienced the ry
(] least viscosity shear loss. The shear data apply to these particular oils only, and should ‘:2'_
;-“.-
not be extrapolated or generalized to other oils of the same VII chemistry. :.:54_
poN
l.ﬂl i
@
! N
X TABLE 26. Shear Effects for One Pumpability Test I
rr
: K. Vis Loss at 100°C, cSt (15W-40 Oils) =
? . >
Qil s
No. Description LDT-465-1C GM 6.2L DDC 6V-53T o
X I MIL-L-2104D (OCP) 0.85 0.91 0.99 i
| 3 OCP-L 2.18 1.52 1.74 'y
3 4 OCP-H 1.28 1.53 1.438 §'{§
P *\. g
7 PMA-I. 1.06 1.26 ND* b
. 3 PMA-H 0.60 0.38 ND
; 6 SI-L ND 0.88 0.25
y 5 SI-H ND 0.35 0.17
[}
L}

*ND = Not Determined
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V. CONCLUSIONS

g
e’

The following conclusions are made based on th2 results of the low-temperature oil

pumpability tests:
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° Each engine had a unique set of low-temperature oil pumpability characteris-

i tics. The LDT-465-1C and the VTA-903T engines were the most severe in

.__
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s
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terms of low-temperature oil pumpability performance, i.e., they required a

- g N
PAd
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higher temperature for a given oil to pump adequately. The GM 6.2L engine

was the next least severe, while the DDC 6V-53T engine was the
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overall least severe. The 6V-53T engine was able to pump oils at tempera-

tures below their pour point.
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° The limiting engine-derived BPTs for various viscosity grades were as Ry

follows: ARG,

for 15W-40s, the limiting BPT was -49F (-20°C),
for SAE 30 grade, the limiting BPT was +7°F (-149C),
and for SAE 10W grade, the limiting BPT was -219F (-290C}

° The PMA-containing [5W-40 oils had superior low-temperature oil pumpabil-
. "r !
ity performance in each engine in which they were evaiuated. N !
v
° The 15W-40 oils formulated with SI VII had similar to slightly better low- ::\y\.:_
temperature pumpability performance ihan the OCP-containing oils. \,"c".-”*
“’.‘J":R
RESY
° The BPTs determined by ASTM D 3829 (MRV) did not adequately predict ‘..i',:\.'g:
v s
.f' d ()

5I
5

engine-derived BPTs. The linear regression correlation coefficients (R-

squared) resulting from the two different BPT values ranged from 0.61 to ;r_,:‘
0.88, and the data had rather large confidence bands. ".‘:F
SN
Y
. Each engine produced approximately the same viscosity shear loss during a -j:‘-:':‘
single pumpability test. Of the particular VII additives represented, the SI A
oA
material experienced the least viscosity shear loss. The shear data apply to .:‘,5-_“. :
these particular oils only, and should not be extrapolated or generalized to \:n:::’,‘;
other oils of the same VII chemistry. :‘:v\n'\.
o
NI,
NSy
VI. RECOMMENDATIONS ey
-f.‘\'_:-
SN
The following recommendations for low-temperature use limits for U.S. Army diesei-
Y
powered ground vehicles are offered based on the BPTs developed during this program. :z‘j."\_.
. e
Low-temperature use limits were defined as +5°F warmer than the highest engine- ﬁ:.“"-
derived BPT. The 59F was added to the BPT to provide a margin of safety. It is :.}.::\;,'
Lol §
recommended that the low-temperature use limit for MIL-L-2104D grade 15W-40 can be _ e
.".‘.__\ 5
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N safely lowered to QOF (-18°C), and the use limit for SAE grade 30 can be safely lowered
to +i09F (-12°C). It is recommended that the g.ade 10W low-temperature use limit of

-150F (-26°C) be retained.

Additional research is recommended since BPTs from ASTM D 3829 do not adequately
K predict BPTs from heavy-duty diesel engines. A mathematical model needs to be
developed that could be used to predict the expected BPT of any diesel engine/lubricant
§ combination that the Army might encounter. Variables such as engine geometry (oil
pickup tube length and diameter, main oil gallery dimensions etc), engine hardware
characteristics such as oil pump flow rate and engine oil properties would form the basis
for this predictive model. Once the preliminary model is formed based on the currently
", available engine-derived BPTs, the critical engine geometries and characteristics of
other available diesel engines should be considered. [f any engines are identified that
have geometric or flow properties that fall outside the range of the engines used in the
current program, additional low-temperature engine pumpability determinations would

be recommended.

X Finally, low-temperature oil pumpability requirements should be determined for other

-

>

o
®

vehicle components such as powershift transmissions and power steering units. The

<

[

effects of operation at low-temperature, high-viscosity conditions should be determined

4

L

for gearboxes, transmissions, and other vehicle components that do not pump their

4,’-.'-." PN
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Y
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lubricant.
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A.  Cold-Box Description T
2
A refrigerated box was used to cool the test engines to the desired test temperatures. ‘!. i
The cold box initially used in the program employed a 3-horsepower electrically powered \ ,,‘_
single-stage compressor and was capable of attaining temperatures as low as -359F :j:'\f
(-379C). The test engine was bolted to a bedplate and the cold box assembled around it. ‘, :.‘
A sheet of polyethylene film was then cut and taped to the bedplate to act as a vapor ‘__. '
barrier. Next, a 2-inch (5-cm) layer of polystyrene foam was cut and placed on the floor l:?_";
to serve as an insulator. Lastly, another layer of polyethylene film was taped down to "":
act as a spill retainer and additional vapor barrier. The refrigeration equipment was '-,f}:'-
controlled in a on-off mode using a Honeywell UDC-500 controller and a Honeywell ."
DPC-7700 set point piogrammer. The box, which was equipped with a 4-foot wide access oy
door, was able to attain test temperatures as low as -359F (-37°C) and maintain them E: W
* 2OF. Y
A second refrigerated box was used later in the program. This box had a 5-horsepower .,._,,4
dual-stage compressor and was capable of attaining test temperatures as low as -409F j;&"
(-409C). This box had one completely removable wall that facilitated the changeout of R
engines without disassembly of the entire box. The floor of this box was insulated in the 3...2‘
same manner as the other. Changeout of the box revealed that moisture had migrated '?;‘
through the vapor barrier and into the bedplate foundation. This moisture caused :E‘“:
extensive rusting of the bedplate and deterioration of the foundation due to freeze-thaw \\"Q}
effects. When the second box was installed, great care was taken to seal the vapor ;. A
barriers better and fit the insulation to the bedplate. In addition, insulation was placed .:Q .
on the support legs of the test engine to minimize heat infiltration into the cold box and ‘r-.:{

&

19 5

minimize sweating of the baseplate.
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B. Engine Cranking System
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Initially a 50-horsepower motoring dynamometer was used to motor the test engines at

the desired speeds. This system proved to be difficult to use since the torque available T
LY
at low speeds (800 to 1000 rpm) was very limited. The dynamometer control system ’.:f\:
Yo
tended to blow fuses at these low cranking speeds. As a result of this problem, and a o
r\-‘ .
fuel-dribble problem, discussed later, the pistoris and connecting rods were removed from IAON
the first test engine (the Continental LDT-465-1C). After this initial attempt, a special =
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cranking system was designed to provide reliable and repeatable motoring of the test

engine. This design consisted of a driving engine, a clutch, a 12-speed truck

e

transmission, and a driveshaft connecting the transmission to the test engine. The
& driving engine was initially a Cummins NTC-350 diesel engine. The clutch on the
transmission was actuated with an air cylinder such that air pressure was required to
y disengage the clutch. A needle valve was used to control the air bleed from the cylinder

and thus control the engagement of the clutch. The driving and driven engines were
p placed back-to-back and the transmission operated in high-range reverse. The speed of
the driven engine was controlled by an air cylinder on its rack. The driveshaft between
the transmission and the test engine passed through a hole in the side of the cold box.
Although the passthrough was insulated with rubber curtains on the inside and outside
surfaces of the cold box, the passthrough was an unavoidable source of moisture and heat
W intrusion into the cold box. During the test program, it became necessary to change the
y driving engine to a Detroit Diesel 6V-53T engine because the Cummins NTC-350 engine

was needed for another test program. The change had little or no impact on the test
- since both engines were capable of providing the same range of test speeds. Later in the

program, the Cummins NTC-350 engine was reinstalled as the driving engine. Test

-
o .

speeds of 175 to 1000 rpm were possible using this cranking apparatus. Speeds lower
than 150 rpm caused excessive torsional vibrations in the driveshaft and were avoided by

running the driving engine higher than these rpm's before engaging the clutch. The

- o L4

driving engines were run at very modest power levels in relation to their maximum
v powers. Fuel for the driving engine was provided from a 55-gallon drum in the test cell.
Driving engines were provided with a water-out thermocouple to indicate when the

) engine was warmed up and ready for use.

, C. Instrumentation

‘ A Honeywell UDC-500 controller was used to control the temperature in the cold box.
! The controller received its set point from a Honeywell DCP-7700 set point programmer,
' which allowed controlled cool-down curves with respect to time. Initial tests with the

cold box revealed a tendency to freeze the evaporator coils on humid days. A defrost

cycle was added to eliminate the icing. The defrost was set to initiate at midnight and

LN g

last for 30 minutes. This defrost cycle effectively eliminated the icing problem but

introduced a slight perturbation into the cool-down cycle. Since the oil sump has
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significant thermal mass, the perturbation in the cool-down cycle had minimal impact on

the bulk oil temperature.

Each engine was instrumented for oil-sump temperature, oil-suction pressure (in the oil
pickup tube), oil-gallery pressure, turbocharger oil pressure (where applicable), engine
speed, and in some cases, rocker-arm oiling indication/pressure. The air temperature in
the cold box was also measured. Temperatures were measured using type J
thermocouples. The oil sump and air temperatures were indicated using a digital readout
and recorded during the cool-down period using an ice-point reference and millivoit
recorder. The recording of the air and oil temperatures proved to be important since it
indicated if any interruptions in the cool-down cycle had occurred. Thus, any runs that
were suspect because of evaporator icing, power failure, a door left ajar, etc., were
eliminated. Oil pressures were measured using Sensotec amplified pressure transducers
placed as close to the measured fluid as possible. In the case of gallery and turbo
pressures, the transducers were screwed directly to the block or supply hose. In the case
of the oil suction pressure, a 0.25~inch copper line was brazed to the pickup tube and run
to the exterior of the engine in order to attach-the pressure transducer. Each of the
pressure transducers was recorded on a stripchart recorder during the pumping part of
the experiment,

Engine speed was measured using a 60-tooth gear and a magnetic pickup. The output of
the magnetic pickup was routed to a digital frequency meter in order to monitor engine
speed. The frequency was also routed to a frequency-to-voltage converter and thence to
the chart recorder. This pathway provided immediate feedback to the operator

controlling motoring speed and a record of speed.

Rocker arm oiling was measured in one of two ways. In the case of the Cummins VTA-
903T and DDC 6V-53T engines, a 15-psig pressure transducer was plumbed directly to the
rocker shaft. This was possible since both engines use a pressurized rocker shaft. In the
case of the GM 6.2L engine, however, a pressurized push rod lubricates the rocker arm
by drip feed. In order to obtain an indication of rocker arm oiling, a vacuum system was
used to indicate the presence of oil in the rocker arm. A small electrically powered
vacuum pump was used to provide vacuum to the system. The vacuum was piped to a T-
connection with needle valves on both arms. One needle valve opened to atmosphere and

the other opened to another T-connection. This T-connection had a vacuum gauge (0 to
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I5 inches of water) on one leg and a tube to the engine on the other. The tube to the
engine was large (0.25 inch) until just before the rocker arm. At the rocker arm, a 1/16-
inch stainless steel tube was connected and immersed in the pool of oil in the rocker
arm. In practice, the rocker arm was drained of oil and washed with solvent before the
test. The vacuum pump was turned on and the valves adjusted to provide a mid-scale
reading on the vacuum gauge. With the rocker arm drained and clean, only air was
sucked through the 1/16-in tube. When rocker-arm oiling occurred, oil was sucked into
the small tube and the indicated vacuum increased. This method proved to be very
dependable in indicating rocker-arm oiling. A visual method was used to confirm the
rocker-arm oiling apparatus. A change in capacitance method was also tried, but the
dielectric difference between oil and air was insufficient to provide reliable indications

of rocker-arm oiling.
E.  Other Details

The normal engine-mounted water pump was used to circulate a 50/5G volumetric blend
of commercial antifreeze and water in the cooling passages of the engine. A 1000-watt
immersion heater was plumbed in the cooling line to facilitate warmup of the engine for
purposes of oil flush. Circulation ran from the engine to the water pump to the heater

and back to the engine,

The fuel system of the first engine tested (the Continental LDT-465-1C) was plumbed to
circulate fuel from a small container to the injector pump with return fuel being routed
back to the container. This cycle caused problems in that dribble from the injectors
(even in the no-rack position) caused exhaust fumes to fill the refrigerated box. This was
initially cured by removing the pistons, connecting rods, and fuel injectors and routing
fuel only to the injector pump (for lubrication). This approach was desirable since a
motoring dynamometer was used for a short time to motor the engine. The removal of
the pistons and connecting rods lowered the motoring friction and made the use of the
motoring dynamometer possible. Later in the program, this approach was deemed
unrealistic since the connecting-rod lubrication system was eliminated with this
approach. The alternate approach was to reinstall the pistons and connecting rods, let
the fuel lines to the injectors drain into the fuel supply can, and switch to the engine-
powered motoring system already described. Each of the fuel systems in the test engines

was disabled to prevent exhaust fumes from being present in the box. The Cummins
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903T fuel system was disabled by removing the fuel injector pushrod and removing the e
fuel injection pump. The GM 6.2L fuel system was disabled by utilizing the built-in fuel R
shutoff solenoid. The DDC 6V-53T fuel system was disabled by wiring the rack control in IRy

#,
the no-fuel position. -

Four 250-watt infrared heating lamps were placed under the oil sumps of the engines.
These lamps provided rapid heatup of the oil sump without disturbing the internal oil-pan o
geometry with heating coils. A 1000-watt heating element was placed in the cooling > {
d )

‘l

water circulation path to facilitate engine warm-up. K

Each test lubricant was stored in an electrically heated drum for at least 24 hours prior T

. D
to testing and for the duration of testing. The temperature of the lubricant was ,::‘,
maintained at 1809F (82°C) in order to provide all test lubricants with uniform

temperature histories and destroy any previous temperature history. Yy
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! APPENDIX B

-1

Test Procedure

D)
el
@
3 o N
J
A
)
)
) Ny
' NN
ars
+ - i
0 ,\:\ :
Ny
o
-1 s
] W
L] "
N
w
¥
e
¢ AT
R oy
. T
? . -'- ‘.-
- ‘..."-
A

@
0 '.f-:“.r

) ‘J\'é
5

: 57

L 4

7

h g

.kr'
. -
o=y

v
PN, H

R P ROy N VA e N Vel Y Vg N LA W W N g 'V‘!\' " ATAT N T AR T, LR S 0P " S SRR O o ol o L T S P Ui G QTR rAv"."-‘
', > " 1T APCr R T P P yA T R A e e S R e S R TR T TR OO LR
‘a0 At A A LR A S AR Rt S R e



R O PER P T S PR T RS VO O RO Ol W R TI R RN ~Bab Aa® % ad "2 Ba b e b b, - Sraudiad ~al —a it v Y

The following test procedure was used for the lubricant pumpability determinations:

After a pumping attempt,

l.  Raise oil temperature to 110°F (43°C) by turning on heating lights, turning on
water heater (meters should read 1000 watts), and motoring at 800 rpm. This was
done in order to facilitate drainage.
2. Turn off lights and heater.
3. Drain oil and save in used oil drum.
4, Remove filters and reinstall housings. This was done to minimize used oil hangup
in the engine.
5. Fillwith hot tcst oil (1809F). This is a flush using the next test lubricant.
6. Motor at 800 rpm for 10 minutes. This is a flush run.
7. Drain oil and dispose. This lubricant is a mix of old and new lubricant and is
there.are disposed.
8.  Fill with hot test oil (1809F). This is new test lubricant.
9. Motor at 800 rpm for 10 minutes. This is another flush run.
10 Drain oil and suve in used oil drum.
11, Install filters. This is in preparation for the test run.

10:30 am
12.  Fill with measured amount of hot test oil (1809F).
13. Motor at 800 rpm for | minute.

14, Program set point programmer for desired cooling curve.
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11:40 am

15.

Start cooling, recording temperatures at a chart speed of 2 cm/hr. Check to make

sure air and oil-sump temperatures are recording properly.

8:00 am (next day)

le.

17.

18.

19.

20.

21,

22.

23.

24,

25.

Install all pens in chart recorder. Turn on speed recorder. Shift transmission into
neutral and warm cranking engine to 1709F (779C) water-out temperature.
Disengage clutch and shift into reverse. Remove box and sump indicating pens to
avoid interference w/others. Turn on remaining pens on recorder and set speed to
2 cm/min. Check to inake sure all pens are functioning correctly. Engage clutch

and blip oil gallery pen simultaneously.
Motor engine at test speed for 15 minutes.
Turn off chart recorder and cap all pens.
Turn off cooling.

Turn on heating lights.

Turn on water heater and motor at 8GO0 rpm until oil temperature reaches 110°F
(43°C). Oil temperature will rise approximately 2°F (-179C) per minute. Check

speed occasionally and maintain 800 rpm.

Stop engine, turn off lights and heaters, open box.

Drain oil and oil filters. Four-ounce sample of used oil to chemical laboratory.
Label sample with AL No., cranking temperature, and date. Save drained oil in
used oil drum.

Sponge up any fluid that has condensed or spilled on floor.

If the next lubricant is the same as the last lubricant, go to step 12. If the next

lubricant is a different lubricant, go to step 4.
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Quantities of lubricant used in each engine were 38.2 |b (17.3 kg) for the LDT-465-1C oA,
engine, 38.2 Ib (17.3 kg) for the Cummins VTA-903T, 11.6 Ib (5.3 kg) for the GM 6.2L S
engine, and 43.0 lb (19.5 kg) for the DDC 6V-53T engine. The time table shown in the o

procedure was intended to provide each run with the same amount of coid-soak time, ol

%
.l
z

s
A

- while still allowing adequate time to change lubricant and prepare for the next day's run. ':":?' ,
In some instances, the coid soak was extended over a weekend to investigate the effect :,;}3: :

of longer cold-soak periods. Normal cold-soak time was 20 hours total, or 68 hours over

1
’. r
5

el

the weekend.
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in the LDT-465-1C Engine
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DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

DEFENSE TECHNICAL INFORMATION
CTR

CAMERON STATION 12

ALEXANDRIA VA 22314

DEFENSE ADVANCED RES PROJ
AGENCY

DEFENSE SCIENCES OFC [

1400 WILSON BLVD

ARLINGTON VA 22209

DEPARTMENT OF THE ARMY

CDR
U.S. ARMY BELVOIR RESEARCH,
DEVELOPMENT & ENGINEERING CTR
ATTN: STRBE-VF 10
STRBE-BT 2
FORT BELVOIR VA 22060-5606

HQ, DEPT OF ARMY

ATTN: DALO-TSE (COL BLISS)
DALO-TSZ-B (MR KOWALCZYK)
SARD-TN (DR CHURCH)
SARD-TR (MR APPEL)

WASHINGTON DC 20310-0005

o P = —

CDR

US ARMY MATERIEL COMMAND

ATTN: AMCDE-SS 1
AMCSM-WST

5001 EISENHOWER AVE

ALEXANDRIA VA 22333-0001

CDk

US ARMY TANK-AUTOMOTIVE CMD

ATTN: AMSTA-RG 1
AMSTA-TSL (MR BURG)
AMSTA-MTC (MR GAGLIO),

AMSTA-MC, AMSTA-MV 1
AMSTA-RGP (MR RAGGIO) 1
AMSTA-MLF (MR KELLER) 1

WARREN MI 48397-5000

DIRECTOR

US ARMY AVIATION RESEARCH &
TECHNOLOGY ACTIVITIES (AVSCOM)

ATTN: SAVRT-R (MR ANDRE) l

AMES RESEARCH CENTER

DIRECTOR

US ARMY MATERIEL SYSTEMS
ANALYSIS ACTIVITY

ATTN: AMXSY-CM (MR NIEMEYER) |

ABERDEEN PROVING GROUND MD

21005-5006

DIRECTOR

APPLIED TECHNOLOGY DIRECTORATE
U.S. ARMY R&T ACTIVITIES (AVSCOM)
ATTN: SAVDL-ATL-ATP (MR MORROW) |
FORT EUSTIS VA 23604-5577

HQ, 172D INFANTRY BRIGADE (ALASKA)

ATTN: AFZT-DI-L 1

DIRECTORATE OF INDUSTRIAL
OPERATICNS

FORT RICHARDSON AK 99505

CDR
THEATER ARMY MATERIAL MGMT
CENTER (200TH)-DPGM
DIRECTORATE FOR PETROL MGMT
ATTN: AEAGD-MMC-PT-Q
(MR CARLONE) 1
APQNY 09052

CDR
US ARMY GENERAL MATERIAL &
PETROLEUM ACTIVITY
ATTN: STRGP-F (MR ASHBROOK) |
STRGP-FE, BLDG 85-3
(MR GARY SMITH) I
‘ STRGP-FT 1
NEW CUMBERLAND PA 17070-5008
CDR
US ARMY COLD REGION TEST CENTER
ATTN: STECR-TA l

APO SEATTLE 98733

HQ, DEPT OF ARMY
ATTN: DAEN-DRM 1
WASHINGTON DC 20310

CDR

US ARMY TANK-AUTOMOTIVE CMD
PROGR EXEC OFF CLOSE COMBAT
PM ABRAMS, ATTN: AMCPM-ABMS
PM BFVS, ATTN: AMCPM-BFVS

PM 113 FOV, ATTN: AMCPM-MI113
PM Mé60, ATTN: AMCPM-M60

(MAIL STOP 207-5)
) MOFFETT FIELD CA 94035-1099

WARREN MI 40397-5000
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CDR
US ARMY LABORATORY COMMAND
ATTN: AMSLC-TP-AL

(LTC SCHRADER)
ADELPHI MD 20783-1145

CDR
US ARMY FORCES COMMAND
ATTN: AFLG-REG
AFLG-POP
FORT MCPHERSON GA 30330

CDR

US ARMY RES & STDZN GROUP
\EUROPE)

ATTN: AMXSN-UK-RA (DR OERTEL)

BOX 65

FPO NEW YORK 09510

CDR
US ARMY YUMA PROVING GROUND
ATTN: STEYP-MT-TL-M
(MR DOEBBLER)
YUMA AZ 85364-9103

CDR

US ARMY RESEARCH OFC

ATTN: SLCRO-EG (DR MANN)
SLCRO-CB

P O BOX 12211

RSCH TRIANGLE PARK NC 27709-2211

CDR

US ARMY TANK-AUTOMOTIVE CMD
PROGR EXEC OFF COMBAT SUPPORT
PM LIGHT TACTICAL VEHICLES
ATTN: AMCPM-TVL

PM MEDIUM TACTICAL VEHICLES
ATTN: AMCPM-TVM

PM HEAVY TACTICAL VEHICLES
ATTN: AMCPM-TVH

WARREN MI 40397-5000

PROJ MGR, MOBILE ELECTRIC POWER
ATTN: AMCPM-MEP-TM

7500 BACKLICK ROAD

SPRINGFIELD VA 22150

PROJ OFF, AMPHIBIOUS AND WATER
CRAFT

ATTN: AMCPM-AWC-R

4300 GOODFELLOW BLVD

ST LOUIS MO ¢3!22

BFLRF No. 229
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CDR, US ARMY TROOP SUPPORT
COMMAND
ATTN: AMSTR-ME
AMSTR-S
AMSTR-E
AMSTR-WL
4300 GOODFELLOW BLVD
ST LOUIS MO 63120-1798

DIR

AMC PACKAGING, STORAGE, AND
CONTAINERIZATION CTR

ATTN: SDSTO-TE-S

TOBYHANNA PA 18466-5097

CDR

TRADOC COMBINED ARMS TEST
ACTIVITY

ATTN: ATCT-CA

FORT HOOD TX 76544

CDR

US ARMY DEPOT SYSTEMS CMD
ATTN: AMSDS-RM-EFO
CHAMBERSBURG PA 17201

CDR

US ARMY LEA

ATTN: DALO-LEP

NEW CUMBERLAND ARMY DEPOT
NEW CUMBERLAND PA 17070

HQ, EUROPEAN COMMAND
ATTN: J4/7-LIPO (LTC WEINER)
VAIHINGEN, GE
APO NY 09128

CDR
US ARMY FOREIGN SCIENCE & TECH
CENTER
ATTN: AIAST-RA-ST3 (MR BUSI)
AIAST-MT-1
FEDERAL BLDG
CHARLOTTESVILLE VA 22901

CDR

US ARMY GENERAL MATERIAL &
PETROLEUM ACTIVITY

ATTN: STRGP-PW (MR PRICE)

BLDG 247, DEFENSE DEPOT TRACY

TRACY CA 95376-5051
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PROJ MGR, LIGHT ARMORED VEHICLES

ATTN: AMCPM-LA-E
WARREN MI 48397

CDR

US ARMY ORDNANCE CENTER &
SCHOOL

ATTN: ATSL-CD-CS

ABERDEEN PROVING GROUND MD

21005

CDR

AMC MATERIEL READINESS SUPPORT
ACTIVITY (MRSA)

ATTN: AMXMD-MO (MR BROWN)

LEXINGTON KY 40511-5101

HQ, US ARMY T&E COMMAND
ATTN: AMSTE-TO-O

AMSTE-TE-T (MR RITONDO)
ABERDEEN PROVING GROUND MD
21005-5006

CDR
US ARMY ARMAMENT RESEARCH,
DEVELOPMENT & ENGRG CTR
ATTN: AMSMC-LC
AMSMC-SC
DOVER NJ 07801-5001

CDR
CONSTRUCTION ENG RSCH LAB
ATTN: CERL-EM
CERL-ES (MR CASE)
P O BOX 4005
CHAMPAIGN IL 61820

HQ

\

US ARMY TRAINING & DOCTRINE CMD

ATTN: ATCD-SL-5
FORT MONROE VA 23651-5000

CDR
US ARMY QUARTERMASTER SCHOOL
ATTN: ATSM-CD

ATSM-PFS (MR ELLIOTT)
FORT LEE VA 233801

CDR

COMBINED ARMS COMBAT
DEVELOPMENT ACTIVITY

ATTN: ATZL-CAT-E

FORT LEAVENWORTH KS 66027-5300
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DIR )
US ARMY MATERIALS TECHNOLOGY e
LABORATORY o
ATTN: SLCMT-M 1 ey
SLCMT-MCM-P (DR FOPIANO) | .
WATERTOWN MA 02172-2796 ? n
A,
DIRECTOR R
US ARMY RSCH & TECH ACTIVITIES e
(AVSCOM) &
PROPULSION DIRECTORATE .
ATTN: SAVDL-PL-D (MR ACURIO) 1 SN
21000 BROOKPARK ROAD L
CLEVELAND OH 44135-3127 N
)
CDR ::.L:- ¥
US ARMY TRANSPORTATION SCHOOL °
ATTN: ATSP-CD-MS (MR HARNET) | a; r..;.
FORT EUSTIS VA 23604~5000 30
'i.;
PROJ MGR, PATRIOT PROJ OFFICE 'j: Uy
ATTN: AMCPM-MD-T-C 1 0 2
U.S. ARMY MISSILE COMMAND .
REDSTONE ARSENAL AL 35898 S
HQ, US ARMY ARMOR CENTER AND o
FORT KNOX 2
ATTN: ATSB-CD 1 YA
FORT KNOX KY 40121 e
RN
CDR '-_:\
US ARMY LOGISTICS CTR
ATTN: ATCL-MS (MR A MARSHALL) | Lnln)
ATCL-C 1 DAV
FORT LEE VA 23801-6000 g,!‘
28

PROJECT MANAGER

PETROLEUM & WATER LOGISTICS
ATTN: AMCPM-PWL 1
4300 GOODFELLOW BLVD

ST LOUIS MO 63120-1798
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R
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CDR P
A ;
US ARMY FIELD ARTILLERY SCHOOL .::;:‘. .
ATTN: ATSF-CD ! R
FORT SILL OK 73503-5600 N
CDR Jonal
US ARMY ENGINEER SCHOOL (_'y';.,
ATTN: ATZA-TSM-C ! SRS
ATZA-CD 1 o
FORT BELVOIR VA 22060-5606 ~.~“
W
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CDR

US ARMY INFANTRY SCHOOL

ATTN: ATSH-CD-MS-M 1
FORT BENNING GA 31905-5400

CDR

US ARMY ARMOR & ENGINEER BOARD
ATTN: ATZK-AE-AR ]
FORT KNOX KY 40121

CDR
US ARMY AVIATION CTR & FT RUCKER
ATTN: ATZQ-DI 1
FORT RUCKER AL 36362

DEPARTMENT OF THE NAVY

CDR

NAVAL AIR PROPULSION CENTER

ATTN: PE-33 (MR D'ORAZIO) 1
PE-32 (MR MANGIONE) 1

PO BOX 7176

TRENTON NJ 06828

CDR

NAVAL SEA SYSTEMS CMD

ATTN: CODE 05M4 1
WASHINGTON DC 20362-5101

CDR

DAVID TAYLOR RESEARCH CTR

ATTN: CODE 2830 (MR SINGERMAN)
CODE 2759 (MR STRUCKO)
CODE 2831 t

ANNAPOLIS MD 21402-5067

JOINT OIL ANALYSIS PROGRAM -
TECHNICAL SUPPORT CTR l

BLDG 7280

NAVAL AIR STATION

PENSACOLA FL 32508-5300

CDR

NAVAL SHIP ENGINEERING CENTER
ATTN: CODE 6764 l
PHILADELPHIA PA 19112

PROJ MGR, M60 TANK DEVELOPMENT

ATTA: UUSMC-LNO {

US ARMY TANK-AUTOMOTIVE
COMMAND (TACOM)

WARREN MI 48397
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DEPARTMENT OF THE NAVY !
HQ, US MARINE CORPS
ATTN: LPP 1 A
LMM/2 1 o
LMW ! °
WASHINGTON DC 20380 Bofs
ﬁL'l
CDR b
NAVAL RESEARCH LABORATORY )
ATTN: CODE 6170 1 vy
CODE 6180 "
CODE 6110 (DR HARVEY) 1 o
WASHINGTON DC 20375-5000 G
fi,:w
CDR o]
NAVAL FACILITIES ENGR CTR NG
ATTN: CODE 1202B (MR R BURRIS) | °
200 STOVAL ST ]
ALEXANDRIA VA 22322 o
hhay
COMMANDING GENERAL A
US MARINE CORPS DEVELOPMENT ra
& EDUCATION COMMAND °
ATTN: DO74 1 2
QUANTICO VA 22134 ASEY
v"\( )
OFFICE OF THE CHIEF OF NAVAL 0
RESEARCH v-:,'.»f
ATTN: OCNR-126 (DR ROBERTS) 1 °
ARLINGTON VA 22217-5000 R
NI,
CDR ";\:'_\. )
NAVY PETROLEUM OFC Ay
ATTN: CODE 43 (MR LONG) 1 o,
CAMERON STATION i
ALEXANDRIA VA 22304-6180 N
N
AN
DEPARTMENT OF THE AIR FORCE :::.;;: 3
Pl 3¢
CDR e
USAF 3902 TRANSPORTATION )
SQUADRON DTN
ATTN: LGTVP (MR VAUGHN) 1 R
OFFUTT AIR FORCE BASE NE 68113 el
\:_".:‘-
CDR Y
US AIR FORCE WRIGHT AERONAUTICAL TS
LAB e
ATTN: AFWAL/POSL (MR JONES) i O
AFWAL/MLSE ! il
AFWAL/MLBT (MR SNYDER) | I
WRIGHT-PATTERSON AFB OH ®
45433-6563 AN
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CDR
SAN ANTONIO AIR LOGISTICS
CTR
ATTN: SAALC/SFT (MR MAKRIS)
SAALC/MMPRR
KELLY AIR FORCE BASE TX 78241

HQ AIR FORCE SYSTEMS CMD
ATTN: AFSC/DLF (DR DUES)
ANDREWS AFB MD 20334

CDR

WARNER ROBINS AIR LOGISTIC CTR
ATTN: WRALC/MMTV

ROBINS AFB GA 31098

‘. W HQ - lﬁ‘ﬂ‘"&'vi"ﬁl'vl V"“ ~' """’\’V\I--'- 'V‘ \. -\'~' n
*'l‘.‘.h"h f:.'!'-".:“‘-'!l..,l l.‘!l " b, ) A et o

i)
U K Ko X

L% Y M ¥

OTHER GOVERNMENT AGENCIES

NATIONAL AERONAUTICS AND

SPACE ADMINISTRATION 1
LEWIS RESEARCH CENTER
CLEVELAND OH #4135
US DEPARTMENT OF ENERGY
ATTN: MR ECKLUND 1
MAIL CODE CE-151
FORRESTAL BLDG.
1000 INDEPENDENCE AVE, SW
WASHINGTON DC 20585
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